The ability to measure the activity of all of the neurons in the brain at high resolution during a behavior has for more than a century seemed like an unattainable goal. Even the relatively small mouse brain houses millions of neurons that make billions of synaptic connections, forcing neuroscientists to choose between breadth and depth when studying the brain. We can image neural activity at single-cell resolution, but only in small sections of the brain at a time. Alternatively, assays like EEG or MRI allow imaging of the entire brain but lack fine spatial resolution. Remarkably, two studies in this issue of Cell (Ye et al., 2016 and Renier et al., 2016) address this challenge using an elegant combination of new technologies.
To identify recently active neurons, the authors rely on the expression of immediate early genes (IEGs), a set of genes that are rapidly and transiently transcribed in response to neuronal activity (Greenberg et al., 1986) . The expression of IEGs such as FOS, NPAS4, and ARC, as measured by immunohistochemistry or in situ hybridization, has widely been used to identify the neurons that are activated when an animal is exposed to a sensory stimulus (Lee et al., 2014; Morgan et al., 1987; Spiegel et al., 2014) . Using recently developed optical clearing techniques to image single neurons and their interactions across the entire brain (Chung et al., 2013; Renier et al., 2014) , the laboratories of Marc Tessier-Lavigne and Karl Deisseroth have now taken the use of IEGs to identify active neurons to a new level. By specifically labeling cells expressing IEGs in these see-through brains, the authors are able to identify, trace, and molecularly profile the neurons that are activated in response to a variety of stimuli and behavioral settings (Figure 1 ).
In the study from Karl Deisseroth's lab, Ye et al. expose mice expressing the activity-and tamoxifen-dependent Cre recombinase (ArcTRAP) to rewarding cocaine administration or to aversive foot shocks to label and quantify activated neurons across the entire brain using an enhanced CLARITY process. Next, using Cre-dependent ribosomal purification and microarrays, the authors transcriptionally profile activity-marked cells following either foot shock or cocaine treatment. Within specific cortical regions, the authors then identify surprising differences between cocaine-and shockactivated neurons, demonstrating that neurons that respond to such distinct behavioral experiences also display baseline or behaviorally induced molecular differences. The ability to identify these changes is important because it makes it possible to decipher the ways neuronal activity affects gene expression and cell physiology at the single-cell level across the brain.
The authors also develop a virus-based system termed CAPTURE to identify the axonal projections of the activated neurons. Using CAPTURE they find that the prefrontal cortical neurons activated by appetitive versus aversive stimuli project to separate brain regions. Finally, in a powerful series of functional experiments, the authors optogenetically stimulate these cells and show that activation of these neurons is sufficient to cause behavioral responses that match the predicted response to the appetitive or aversive stimulus. This identifies the neurons that contribute to the disparate behavioral responses to the two stimuli.
In the study from Marc TessierLavigne's lab, Renier et al. have built a streamlined pipeline for identifying stimulus-responsive neurons across the entire brain. The authors process the brains with iDISCO+, a faster and improved iDisco brain clearing protocol. In contrast to the viral and transgenic approaches used by Ye et al., they detect activated neurons by immunofluorescence, a versatile approach that makes it possible to image essentially any IEG for which an antibody is available. Importantly, the authors also develop ClearMap, an open-source software package that automates cell mapping to the reference Allen Brain Atlas as well as immunofluorescence signal quantification. These improvements and software will greatly facilitate the adoption of iDISCO+ by the wider scientific community.
To confirm their pipeline, the authors distinguish areas of the mouse barrel cortex that are differentially activated as a result of whisker stimulation. They then demonstrate several powerful applications of iDISCO+/ClearMap that highlight its broad utility. One such application is the unbiased identification of brain regions that are activated following administration of the antipsychotic Haloperidol. Another is the brain-wide neural activity map of a freely exploring mouse. Finally, the authors combine axonal tracing with 3D activity mapping to identify novel connections between brain regions whose activity is correlated with differences in parenting behavior across the two sexes.
Both papers showcase formidable tools to study whole-brain neuronal activity, each with its own strengths. For example, because it doesn't rely on genetic reporters or time-delayed Cremediated recombination, the Renier et al. method may more accurately identify recently activated neurons. On the other hand, the methods outlined in Ye et al. offer a wide range of possible manipulations such as stable tagging, isolation, and re-stimulation of activity-marked cells. These methods will most assuredly become increasingly powerful as new genetic tools become available that make it possible to control Cre expression with greater specificity both spatially and temporally.
It is worth noting that there are several limitations to the use of IEG-based approaches to study neural activity in the mouse brain. First, IEG expression in the brain is not limited to neurons. Second, since neuronal firing happens within milliseconds, both techniques are limited in their ability to assess real-time neural activity and to discern patterns of firing, which may be critical for sensory processing or behavioral output-thus the final image is more of a time-lapse than a snapshot.
Despite these limitations, one can imagine countless possible uses for these new platforms. One potential application, highlighted by Renier et al., will be to understand how medications that are administered acutely or chronically alter brain activity. Another use will be to study changes in brain activity as a result of such processes as exercise, sleep, aging, or neurodegeneration.
In addition to their utility as markers of activity, one can't ignore the fact that IEGs are known to have critical functions in brain development and plasticity. IEGs direct programs of late-response gene transcription that are neuronal subtype specific and tailored to the function of each neuron within a neural circuit (Mardinly et al., 2016; Spiegel et al., 2014) . As these new platforms make it possible to monitor the expression of individual IEGs in an entire brain, it seems likely that these new techniques will also prove useful for identifying the functions of IEGs themselves.
An appealing feature of these two studies is that, despite their complexity, the authors include do-it-yourself guides that eventually should make it possible for these techniques to be used by any neuroscience laboratory. As these methods become more powerful and easier to implement, they will likely become gold standards for studying brain activity in development, behavior, and disease. Mice are exposed to a stimulus of choice, and in the hours following the stimulus, activated neurons (neurons expressing IEGs) are labeled by one of three methods: (1) using transgenic ArcTRAP mice; (2) by injection of viral-based activity reporters, or (3) by immunohistochemistry against IEGs. Mapping of active cells is achieved by light-sheet microscopy with brain regions identified based on the Allen Brain Atlas. Improved viral tracers are used to label and map local axonal projections. Transgenic mice can be used to purify ribosomes and transcriptionally profile the associated mRNAs. Finally, injectable optogenetic constructs can be specifically expressed in previously activated cells to test whether re-activation of these cells drives the associated behavior. Pink bars indicate the papers that describe the different analyses.
